Iron-sulfur (Fe/S) clusters are important cofactors of numerous proteins involved in electron transfer, metabolic and regulatory processes. In eukaryotic cells, known Fe/S proteins are located within mitochondria, the nucleus and the cytosol. Over the past years the molecular basis of Fe/S cluster synthesis and incorporation into apoproteins in a living cell has started to become elucidated. Biogenesis of these simple inorganic cofactors is surprisingly complex and, in eukaryotes such as Saccharomyces cerevisiae, is accomplished by three distinct proteinaceous machineries. The 'iron-sulfur cluster (ISC) assembly machinery' of mitochondria was inherited from the bacterial ancestor of mitochondria. ISC components are conserved in eukaryotes from yeast to man. The key principle of biosynthesis is the assembly of the Fe/S cluster on a scaffold protein before it is transferred to target apoproteins. Cytosolic and nuclear Fe/S protein maturation also requires the function of the mitochondrial ISC assembly system. It is believed that mitochondria contribute a still unknown compound to biogenesis outside the organelle. This compound is exported by the mitochondrial 'ISC export machinery' and utilised by the 'cytosolic iron-sulfur protein assembly (CIA) machinery'. Components of these two latter systems are also highly conserved in eukaryotes. Defects in the mitochondrial ISC assembly and export systems, but not in the CIA machinery have a strong impact on cellular iron uptake and intracellular iron distribution showing that mitochondria are crucial for both cellular Fe/S protein assembly and iron homeostasis.
Introduction
Iron-sulfur (Fe/S) clusters came into the focus of biochemical interest in the early 1960s when electron paramagnetic resonance spectroscopy and chemical analyses gave evidence for these inorganic cofactors in a number of proteins such as plant and bacterial ferredoxins and complexes I, II and III of the respiratory chain including the prominent Rieske Fe/S protein (reviewed in [1, 2] . It soon became clear that Fe/S clusters are ubiquitous cofactors of numerous bacterial and eukaryotic proteins. Most Fe/S proteins contain the relatively simple rhombic [2Fe-2S] or the cubic [4Fe-4S] clusters, but also [3Fe-4S] forms with one iron missing at one edge of the cube are known. In the late 1960s chemical reconstitution of simple protein-bound Fe/S clusters was achieved leading to a fully re-activated Fe/S protein [3] . Over the years more and more complex structures of Fe/S clusters, often in contact with other metals such as molybdenum, nickel or vanadium were discovered and characterised biochemically and biophysically [4] [5] [6] . Well-studied examples include nitrogenase of various azototrophic bacteria and various types of hydrogenases [7] [8] [9] [10] [11] .
While the chemical re-constitution of simple Fe/S clusters had suggested a spontaneous, non-catalysed assembly of these cofactors in proteins, it became clear through elegant genetic studies around 1990 that in bacterial cells the nitrogenase Fe/S protein required a plethora of genes assisting the assembly of its cofactors and their insertion into the apoprotein [12] . It was not until 1998 that initial evidence became available that also simple Fe/S clusters depended on a complex set of biogenesis proteins [13, 14] . This was the starting point for the rapid discovery of numerous www.elsevier.com/locate/bbamcr biogenesis components in both eubacteria and eukaryotes involved in the generation of Fe/S cofactors in vivo (see, e.g., [15] [16] [17] [18] . To date, research on the biogenesis of Fe/S proteins is an intensive field concentrated on the functional characterisation of participating proteins, the elucidation of the molecular mechanisms underlying the pathway, and the identification of novel biogenesis proteins. This review will summarise the currently known principles and concepts of Fe/S protein biogenesis in (non-plant) eukaryotes. The survey is intended to introduce non-specialists to this fascinating new field of biochemistry and cell biology of metals. More detailed or focused reviews have been published recently elsewhere with particular emphasis on bacterial Fe/S protein maturation [19] [20] [21] or on biogenesis in yeast, mammals or plants [22] [23] [24] .
A brief look at the structures and properties of Fe/S clusters and Fe/S proteins
Fe/S clusters are formally composed of ferrous (Fe 2+ ) and/or ferric (Fe 3+ ) iron, inorganic sulfide (S 2− ) ions, and in rare cases additional metals or cofactors [25, 26] . Their chemical behaviour, however, cannot be described as that of a simple iron salt, but rather is best explained by the ligand field theory of co-ordination chemistry. The most simple form of an Fe/S center is the [2Fe-2S] cluster. It is present in, e.g., ferredoxins, Rieske Fe/S protein, biotin synthase and ferrochelatase (Table 1) . Formally, the [4Fe-4S] clusters can be viewed as a duplication of [2Fe-2S] clusters. They consist of a cubic structure with Fe and S occupying alternating corners of the cube which due to the shorter distance between the Fe ions is usually distorted. This type of cluster is present in many proteins such as aconitase and aconitase-like proteins, ferredoxins, sulfite reductase, and DNA glycosylase ( Table 1 ). The Fe ions within the clusters have a tetrahedral co-ordination, as they additionally bind to nucleophilic ligands of the protein. The most common co-ordination partner of the Fe ions is the sulfur atom of cysteine residues. However, also histidine, and in rare cases arginine, serine, peptidyl-N and non-protein ligands (homocitrate, CO, CN − ) may be used. For example, in the [4Fe-4S] cluster of aconitase-like proteins the fourth iron is not co-ordinated by a protein-bound ligand, but binds to the substrate/product of the enzyme (e.g., citrate, homocitrate, isopropyl malate) or to a water molecule. Hence, the co-ordination sphere of the fourth iron in aconitase-like proteins changes to octahedral.
Some proteins such as subunits of complexes I and II of the respiratory chain contain [3Fe-4S] clusters in which one corner of the cube is unoccupied (Table 1 ). There are numerous proteins which contain more than one Fe/S cluster. The most extreme form is complex I (NADH-ubiquinone oxidoreductase; not present in Saccharomyces cerevisiae) of the respiratory chain which contains 8 (eukaryotes) to 9 (bacteria) Fe/S clusters [27] . Likewise, complex II (succinate-ubiquinone oxidoreductase) contains [2Fe-2S], [3Fe-4S] and [4Fe-4S] clusters [28] . Higher order structures of Fe/S clusters with additional metal centers such as those present in bacterial nitrogenase, CO dehydrogenase or various hydrogenases have been studied extensively and many 3D structures have been resolved [4] . Some Fe/S proteins such as xanthine dehydrogenase, plant aldehyde oxidase and plant nitrate reductase contain an additional molybdenum cofactor which requires Fe/S proteins for its own synthesis [29] ; see also article by Mendel and Bittner [137] in this issue.
The electronic charge of the Fe/S center is concentrated at the sulfur moiety. Depending on the overall oxidation state of the Fe/S cluster the Fe ions may harbour unpaired electrons, and the resulting electron spin can be detected by electron paramagnetic resonance (EPR) spectroscopy. This biophysical technique provides valuable information mainly about the oxidation state, the type and the electronic environment of the clusters [30] . Other biophysical methods to study the structure and properties of the Fe/S clusters are Mössbauer, EXAFS, ENDOR, NMR, and resonance Raman spectroscopies. They provide specific information on the electronic and magnetic properties of the Fe/S clusters in their particular environment. In UV/Vis spectrophotometric measurements Fe/S proteins exhibit typical absorption maxima around 420 nm ([4Fe-4S] clusters) and 320, 410 and 560 nm ([2Fe-2S]). These spectral properties give rise to the dark brown colour of purified Fe/S holoproteins.
Fe/S clusters and Fe/S proteins are fairly sensitive to damage by oxidative conditions and may decompose readily in air or by the exposure to NO or H 2 O 2 . This propensity has been exploited in nature for using Fe/S proteins as sensors and regulatory switches [31] [32] [33] ; see also below).
Even though there is no single common consensus motif for binding an Fe/S cluster, some primary structural features are reoccurring. These include the conserved positioning of cysteine residues in the protein. Examples include the CX 4 CX 2 CX ≈30 C motif in plant and mammalian [2Fe-2S] ferredoxins. [4Fe-4S] clusters are often co-ordinated by the consensus motif CX 2 CX 2 CX 20-40 C which was originally defined in [4Fe-4S] ferredoxins, but seems present in many other members of the [4Fe-4S] cluster type. It appears that the spacing of the cysteine residues can also be reversed. Usually, a conserved proline (or sometimes glycine) flanks one of the cysteine residues. Care has to be taken not to confuse the presence of conserved cysteine residues with similar patterns of Zn-finger proteins or other metal binding motifs.
Despite the existence of these fairly defined Fe/S consensus sequences there exist numerous Fe/S proteins that do not follow these simple rules for binding the Fe/S cofactor. On the one hand, this lack of consensus makes it rather hard to predict and identify new Fe/S proteins based on primary sequence information contained in genomes. On the other hand, this shows that binding of Fe/S clusters seems to rely on a substantial amount of flexibility of the protein partner during selection of the co-ordination sites within the protein. In fact, mutational analyses in some ferredoxins and other Fe/S proteins have shown that, upon exchange of particular cysteine to serine or alanine residues, the Fe/S proteins may be flexible enough to provide alternative coordination partners within the polypeptide sequence [30, 34] . Hence, frequently only mutation of two cysteine residues leads to the complete loss of the Fe/S center.
Diverse functions of Fe/S proteins
The biological functions of Fe/S proteins can be grouped into three categories, namely electron transfer, enzyme catalysis and regulation ( Table 1 ). The most well-known function of Fe/S proteins is in various redox processes. This function is based on the property of the iron ions of the Fe/S clusters in switching between a reduced (ferrous Fe 2+ ) and oxidised (ferric Fe 3+ ) state. Hence, the Fe/S clusters can easily accept electrons from one partner and donate them to other molecules. The redox potential range depends mainly on the protein environment of the clusters. For instance, the relatively high redox potential of Rieske-type Fe/S proteins is caused by the two co-ordinating histidine ligands on one of the two Fe ions with the result that it can be reduced at a considerably higher potential than those Fe ions bound via cysteine residues.
Typical proteins involved in redox reactions are complexes I, II and III of the respiratory chain, mitochondrial and plant ferredoxins and the plant photosystem I. A fascinating example of step-wise electron transfer can be seen in respiratory complexes I and II, where electrons are transferred from the substrates NADH and succinate, respectively, via several Fe/S clusters and other cofactors to the electron acceptor ubiquinone in the bacterial or mitochondrial inner membrane. The characteristic redox potentials of Fe/S clusters range from −500 mV to +300 mV. The reducing energy is typically a few hundred mV, but in some Fe/S proteins such as nitrogenase or 2-hydroxy-glutaryl-CoA dehydratase the extra energy of ATP hydrolysis assures high reduction potentials of greater than 1 V [8, 35] . In these fascinating proteins the Fe/S cluster is co-ordinated between two subunits of the protein, i.e. the cofactor serves as a bridging unit. The additional energy is supplied by conformational changes that are induced by ATP binding and hydrolysis thus allowing the redox interaction with the substrates.
The classical example for a role of Fe/S clusters in enzyme catalysis is aconitase of the citric acid cycle (Table 1) . This enzyme and related proteins such as homoaconitase (yeast Lys4 involved in lysine biosynthesis) and isopropylmalate dehydratase (yeast Leu1, leucine biosynthesis) catalyse the removal and re-addition of water, resulting in an isomerisation of the substrates. In these enzymes, the fourth Fe of the [4Fe-4S] cluster serves as a Lewis acid to bind the substrate and stabilise the transition state of the reaction. Other enzymatic reactions supported by Fe/S clusters are the final steps of biotin and lipoic acid synthesis. In these cases, the enzymes bind two clusters, one of which is possibly used as a source of the sulfur atom to be inserted into the precursors desthiobiotin and octanoic acid [36] . An interesting case of an Fe/S protein is ferrochelatase catalysing the final step of heme biosynthesis [37] ; see also article by Ajioka et al. [138] in this issue. Since this enzyme is a major consumer of iron in cells and relies on an Fe/S cluster for its function, the two major iron metabolising pathways are connected in this protein. It is important to note that some ferrochelatases such as that of S. cerevisiae (Hem15; Table 1 ) do not contain an Fe/S cluster. Further Fe/S proteins in eukaryotes are involved the biosynthesis of methionine (sulfite reductase) and the molybdenum cofactor (see article by Mendel and Bittner [137] in this issue). For some of the mentioned enzymes it is still unclear what exact role the cluster may play in catalysis. It is well possible that in some cases the Fe/S cluster may simply serve a structural role stabilising the rest of the polypeptide chain. However, such a stabilising function was long suspected for Fe/S proteins involved in repair of DNA damage (DNA glycosylases; Table 1 ), yet recent investigations have provided ample evidence to suggest a role of the Fe/S cofactor in DNA binding [38] .
An intriguing function of Fe/S proteins lies in the regulation of biological processes. The chemical lability of the Fe/S cofactors and their pronounced sensitivity to oxidative damage has been exploited by Nature to sense intracellular or environmental conditions by Fe/S clusters and hence regulate gene expression in eukaryotes or prokaryotes. While regulation in bacteria by the transcription factors SoxR, IscR, and FNR occurs on a transcriptional level, regulation in mammals by iron regulatory protein 1 (IRP1) is on a post-transcriptional level [31] [32] [33] . IRP1 appears to have a dual role in the cell. As an Fe/S protein it functions as a cytosolic aconitase, while under conditions leading to the loss of the Fe/S cluster the IRP1 apoprotein binds to RNA stem-loop structures designated iron regulatory elements (IRE) of specific mRNAs encoding proteins involved in iron uptake, utilisation, storage or export. As a result of IRP1-IRE binding, some mRNAs are stabilised and thus prevented from degradation resulting in enhanced protein synthesis. In other mRNAs stem-loop structures at the 5′-untranslated end block efficient translation by the ribosome leading to lower protein abundance (for details of IRP1 function see article by Wallander et al. [139] in this issue).
Overview on the biogenesis of Fe/S proteins in eukaryotes
In the late 1990s several research groups working with the yeast S. cerevisiae almost simultaneously realised that the biogenesis of mitochondrial Fe/S proteins depended on a number of conserved proteins now known as members of the Fe/S cluster (ISC) assembly machinery (Figs. 1 and 2 ). Initially these groups were interested in understanding the rather diverse processes of oxidative stress, cellular iron homeostasis, and the function of mitochondrial chaperones or ABC transporters [14, [39] [40] [41] . The unifying and surprising theme was that all these groups studied processes or proteins that played a decisive role in the assembly of Fe/S proteins. The mitochondrial ISC assembly system turned out to be strikingly similar to that of bacteria, and in all likelihood has been inherited from the bacterial endosymbiont that gave rise to modern mitochondria [19, 42] . It was realised early on that mitochondria perform a prime role in Fe/S protein biogenesis as they were found to be responsible not only for maturation of Fe/S proteins inside but also outside the organelle [41, 43] . Since an ABC transporter in the mitochondrial inner membrane was required for efficient maturation of extra-mitochondrial Fe/S proteins, this created the idea of a mitochondrial "export system" to support the generation of Fe/S proteins in the cytosol and nucleus ( Fig. 1) .
It was not until 2003 that the first component of the so-called cytosolic Fe/S protein assembly (CIA) machinery was discovered by a genetic approach [44] . Thus, the current view of Fe/S protein biogenesis in eukaryotes, as derived from studies in the model organism S. cerevisiae, is that of an interplay of three complex proteinaceous systems termed ISC assembly, ISC export, and CIA machineries (Fig. 1) . The ISC assembly machinery is required for all cellular Fe/S proteins, whereas the functions of the ISC export and the CIA machineries are restricted to the maturation of cytosolic and nuclear Fe/S proteins. The high conservation of the ISC assembly, ISC export and CIA proteins in virtually all eukaryotes [22] and pioneering functional studies in human cell culture and multi-cellular organisms (see below) support the view that biogenesis in lower and higher eukaryotes occurs along similar pathways.
Before we concentrate on the pathways of Fe/S protein maturation, we will briefly address the issue of how the process can be followed experimentally in vivo or in cell extracts. The most classical and widely used technique is to follow the activities of particular Fe/S proteins, functioning as enzymes (aconitase, isopropylmalate isomerase, sulfite reductase etc.) or in electron transport (complexes II and III of the respiratory chain). This approach usually requires verification that observed activity changes are not caused by altered gene expression. Therefore, protein levels have to be analysed in parallel by immunostaining. The approach does not directly measure de novo assembly but rather the steady state levels of the Fe/S proteins. Thus, it may be difficult to distinguish long-time damage of Fe/S proteins (for instance by oxidative stress) from an impairment of the maturation process. A more direct assay of biogenesis is the incorporation of radiolabelled iron (or sulfur) into the nascent Fe/S proteins [41, [45] [46] [47] . Fe/S cluster synthesis and assembly on the apoproteins is then measured by immunoprecipitating the Fe/S proteins of interest with subsequent quantitative analysis by scintillation counting. Since the times used for radiolabelling are usually short, the assay gives a reasonable estimation of de novo assembly. Native gel electrophoresis can be employed to follow the maturation of a [2Fe-2S] ferredoxin [48] . The technique allows the distinction of the apo-and holoforms of this ferredoxin, yet is restricted to isolated systems, e.g., isolated mitochondria. Finally, the RNA binding of IRP1 (see above) has been used in higher eukaryotes and in yeast to indirectly follow its association with a [4Fe-4S] cluster [44, [49] [50] [51] . The increased binding of IRP1 to RNA is reciprocally taken as a measure of diminished amounts of Fe/S cluster associated with the protein.
Biogenesis of mitochondrial Fe/S proteins-the first steps
The requirements for the making of an Fe/S cluster are deceptively trivial: inorganic iron and sulfide. While both components may occur in cells in free form, they both are toxic to the cell, and therefore the intracellular free concentrations have to be rather low. This may preclude the spontaneous assembly of an Fe/S cluster in cells, the more so as rather high concentrations of iron and sulfide and anaerobic conditions are needed for chemical in vitro reconstitution of model Fe/S proteins. Therefore, sophisticated systems have been developed in living cells to assemble the clusters and to specifically insert them into proteins. In yeast mitochondria the ISC assembly system encompasses 14 known proteins of diverse functions (Fig. 2) . The similarity to the bacterial counterparts suggests shared mechanisms of biosynthesis in bacteria and mitochondria. In fact, many functional observations for the ISC proteins have first been made with bacterial proteins. We summarise an emerging consensus mechanism of biogenesis for the eukaryotic (yeast) ISC system making use of numerous observations from the bacterial ISC system [19] .
In mitochondrial Fe/S cluster assembly free cysteine is the source of sulfur which is released by the cysteine desulfurase Nfs1 in a pyridoxal phosphate-dependent fashion (Fig. 2 ). Nfs1 possesses numerous well-studied relatives in bacteria such as NifS, IscS, and SufS of the NIF, ISC and SUF systems (reviewed in [52, 53] . The purified Nfs1 enzyme produces sulfide in vitro [54] . However, the sulfide production by Nfs1 (and its bacterial counterparts) likely does not mimic the in vivo pathway of the sulfur from cysteine into an Fe/S cluster. As discussed above cells have to prevent an unregulated release of toxic sulfide. To circumvent liberation of sulfide, the sulfur is first transiently bound to Nfs1 via a persulfide group at a conserved cysteine residue on the enzyme before it is further transferred to the Isu scaffold proteins (Fig. 2 ). These latter proteins may initially receive the sulfur also as a covalently bound persulfide (see below).
It has long been thought that Nfs1 is sufficient to support this transfer reaction. However, sulfur transfer to the Isu proteins was recently found to involve an additional essential protein designated Isd11 which forms a stable complex with Nfs1 but is not conserved in the bacterial systems [55, 56] . The precise role of Isd11 is unclear so far, but it is interesting to compare the situation with a similar complex in the bacterial or plastid SUF systems [18, 24] , where the Nfs1 homologue SufS binds to SufE. This small protein transiently receives the sulfur released from cysteine by SufS, before sulfur is further transferred to scaffold proteins (e.g., SufA). Sulfur binding to SufE occurs via a persulfide group formed on a conserved cysteine residue. Since Isd11 does not contain any cysteine residue, the functional mechanism of Isd11 must be different from that worked out for SufE.
A central concept of Fe/S protein biogenesis is the de novo synthesis of the Fe/S cluster on so-called scaffold proteins before its transfer to apoproteins [57] . In vivo studies in yeast have shown that Isu1 (and presumably Isu2) fulfil this scaffold function in mitochondria [58] . Fe/S cluster association with Isu1 was followed by radiolabelling cells with iron and immunoprecipitation of Isu1. In these experiments, over-produced Isu1 was necessary to overcome the detection limits. The specificity of Fe/S cluster association with Isu1 is evident from its dependence on other ISC proteins including Nfs1, Isd11, Yah1 and Yfh1 (see also below).
The source of iron for Fe/S cluster formation on the Isu scaffold proteins is less clear. Iron is taken up by mitochondria in reduced form (Fig. 2) . Uptake requires an energised inner membrane and the members of the mitochondrial carrier family termed Mrs3 and Mrs4 [59] [60] [61] [62] [63] . It presently is unclear whether these transporters are directly trafficking iron and in which form (free or chelated) iron may be transported. Since the two yeast carriers are not essential for iron transfer into the mitochondrial matrix, additional transporters must exist to support this reaction ('X' in Fig. 2 ). The form of iron in which it is stored in the mitochondrial matrix before its use in Fe/S cluster assembly is unknown.
After import into mitochondria iron may be delivered to the Isu proteins by Yfh1, the yeast homologue of frataxin ( Fig. 2 ; see also below). This model is now favoured by many groups in the field. The purified protein was found to bind and oxidise iron, even though it is still debated whether this binding is specific or unspecific [64] [65] [66] . Further, Yfh1 binds to Isu1 in an ironstimulated fashion in mitochondria [67] suggesting that complex formation may facilitate iron transfer from frataxin to Isu1 for Fe/S cluster formation. In keeping with this view, Yfh1 was found to be necessary for transient Fe/S cluster assembly on Isu1 [58] reassuring the role of frataxin/Yfh1 in Fe/S protein assembly.
Frataxin was claimed to play various additional roles in heme synthesis, iron storage, and prevention of oxidative stress prevailing in frataxin-deficient yeast cells. Most of these effects seem to be a secondary consequence of a defective Fe/S cluster assembly and the accompanying iron accumulation in mitochondria (see below). In particular, the role of frataxin in iron storage is a matter of debate. This function requires the formation of a higher order structure similar to that of ferritin. However, mutations preventing the formation of aggregates of Yfh1 display no detectable phenotype [65] . Frataxin/Yfh1 was proposed to deliver iron not only to Fe/S cluster biosynthesis, but also to ferrochelatase for heme formation from protoporphyrin IX ( Fig. 2; [68] ). However, no primary defects in heme synthesis upon Yfh1 depletion were seen [45] . An interaction between ferrochelatase and Yfh1 was detected in vitro by plasmon resonance technique, but no complex formation was observed in mitochondria [69] . Further, experiments with triple mutants in YFH1, MRS3 and MRS4 genes suggested that the heme defect in cells entirely lacking YFH1 may be indirect [62] . Finally, no immediate ferrochelatase defect seems to be evident in human cells depleted of frataxin [50, 70] . In summary, it seems reasonable to believe that Yfh1/frataxin plays a role as an iron donor in Fe/S cluster assembly on the Isu scaffold proteins, yet the precise molecular function remains to be established.
The chemistry of cluster formation of the Isu proteins is far from being understood (discussed in [18] . While experiments with purified bacterial proteins have led to the conflicting interpretation that either sulfur or iron initially bind to the Isu (or bacterial IscU or NifU) proteins, it is clear that three conserved cysteine residues are important for Fe/S cluster assembly and transient binding. From a solution structure of the apoform of IscU (determined by NMR) one might expect that bound Fe/S clusters may be surface-exposed, a situation that may facilitate the transfer of the pre-assembled cluster to apoproteins. It was shown that the bacterial IscU or NifU can assemble both [2Fe-2S] and [4Fe-4S] clusters, and recently it was demonstrated that these clusters can be specifically transferred to appropriate apoproteins [71, 72] . Thus, it appears that the Isu/IscU/NifU scaffolds are capable of facilitating the assembly of both types of clusters [73] .
In addition to Nfs1, Isd11 and Yfh1 two other ISC components are required early in biogenesis ( Fig. 2 ; [43, 58, 74] ). The ferredoxin Yah1 and the ferredoxin reductase Arh1 form an electron transfer chain that gains its electrons from NADH and, most likely, transfers them to the sulfur moiety (S 0 ) released from cysteine by the Nfs1/ Isd11 complex to generate the sulfide (S 2− ) present in the Fe/S cluster. The precise mode of how the sulfur is reduced and at which step of the reaction path this occurs has remained elusive. Interestingly, Yah1 carries a [2Fe-2S] cluster itself, and thus pre-existing holo-Yah1 is presumably involved in the conversion of newly imported apo-Yah1 to the holoprotein. While the role of Yah1/Arh1 in the reduction of sulfur is likely (yet not proven), it is not excluded that the proteins are required at a second step of biogenesis, for instance during Fe/S cluster transfer from the Isu scaffold proteins to the acceptor apoproteins. Insight into this problem will require the in vitro reconstitution of the reactions. To date, no in vitro evidence for the potential role of this electron chain has been provided.
Components acting late in Fe/S protein maturation
A dedicated chaperone system consisting of the Hsp70 chaperone Ssq1, its cognate J-type co-chaperone Jac1, and the nucleotide exchange factor Mge1 has been long recognised to be required for Fe/S protein assembly in mitochondria [16, 40, 48, [75] [76] [77] . Recent in vivo and in vitro experiments have demonstrated that the proteins are not required for de novo Fe/S cluster assembly on the Isu scaffold proteins [58, 78] . Rather, upon depletion of these proteins up to fivefold more Fe/S cluster accumulates on Isu1. This has been taken to propose a role for the chaperone system late in biogenesis, for instance in a partial reaction between the stage of transient Fe/S cluster binding to the Isu scaffold and the incorporation of the pre-assembled Fe/S cluster into target apoproteins (Fig. 2) . One might assume that these chaperones specifically interact with the apoform of Fe/S proteins to maintain them in a conformation capable of accepting the Fe/S cluster from the Isu scaffold proteins. However, no specific interaction between these protein classes has been reported hitherto.
Ssq1 is specifically targeted to its substrate Isu1 by Jac1 [77, 79] . Ssq1 binds to Isu1 via a highly conserved LPPVK motif present in Isu/IscU proteins [80, 81] . Binding is facilitated by the co-chaperone Jac1 which also directly binds to Isu1 in a J-domain independent fashion via its C-terminal domain [82] . Even though complex formation is not specific for either the apo-or holoform of Isu/IscU, it is clear that the chaperone system functions in close contact to the scaffold proteins. Hence, it seems reasonable to propose that the chaperones facilitate Fe/S cluster transfer, that they stabilise the conformation of the scaffold proteins or that they regenerate the scaffold proteins for the next round of cluster assembly. A recently developed in vitro system to study Fe/S cluster formation on Isu1 with purified components may be extended to unravel the role of these (and other) components [78] .
Another ISC component acting late in biogenesis is the monothiol glutaredoxin Grx5 ( Fig. 2; [83] . Yeast contains two dithiol (Grx1, Grx2) and three monothiol (Grx3, Grx4, Grx5) glutaredoxins, but only Grx5 seems to play a specific role in Fe/S protein biogenesis. As seen with the chaperones, depletion of Grx5 in yeast results in a general defect in Fe/S protein assembly, yet transiently bound Fe/S clusters accumulate on Isu1 [58] . The exact function of Grx5 remains unclear, but, in contrast to the role of the chaperones, Grx5 is dispensable for this process, as deletion of its gene results in a minor growth defect only. Recently, a zebrafish mutant with hypochromic anemia was found to be impaired in Grx5 function [84] . Zebrafish Grx5 could complement the respective yeast deletion mutant. Loss of Fe/S cluster assembly in Grx5-deficient animals activated IRP1 thus leading to decreased levels of δ-aminolaevulinate synthase 2 (ALAS2) and diminished heme synthesis. These results not only show that Grx5 is important for (cytosolic) Fe/S protein assembly in higher eukaryotes, but also documented that heme formation in the differentiating red cell is regulated by a member of the ISC assembly machinery (see also [63] .
A specific role of Isa proteins in the maturation of aconitase-like proteins
The mitochondrial proteins Isa1 and Isa2 contain a fairly conserved sequence motif that is also present in IscA and SufA proteins of bacteria. Most eukaryotes contain only close sequence relatives of Isa1. The Isa2 protein is unique in that closest relatives are present only in the genomes of a few yeasts. In S. cerevisiae the two Isa proteins form a hetero-oligomer, and the deletion of their genes results in similar phenotypic consequences, such as the failure to grow on non-fermentable carbon sources, loss of mitochondrial DNA and a general defect in respiration [85] [86] [87] . Initial experiments had indicated that yeast cells depleted in Isa1 and/or Isa2 show a defect in Fe/S proteins. A more detailed study indicated a specialised requirement of the Isa proteins for aconitase-type Fe/S proteins in mitochondria ( Fig. 2 ; U. Mühlenhoff, unpublished). In contrast, the de novo assembly of other Fe/S proteins such as the ferredoxin Yah1, Rieske Fe/S protein and biotin synthase were unaffected. In the bacterial ISC and SUF systems the IscA proteins were shown in vitro to serve as alternative scaffold proteins assembling an Fe/S cluster, which is competent for transfer to target apoproteins (for reviews see [18, 19, 21] ). This made it appear likely that those proteins are the specific scaffolds for aconitase-type Fe/S proteins. Several observations refute this idea for yeast as a model. First, maturation of aconitase-type Fe/S proteins required the functional involvement of the Isu proteins, in addition to the Isa proteins. Second, despite the possibility to assemble an Fe/S cluster on purified Isa proteins in vitro, attempts to find an Isa-associated Fe/S cluster in vivo failed (U. Mühlenhoff, unpublished). Instead, the proteins isolated from cell extracts bind iron (but no sulfur). Finally, the phenotypes of Isa-depleted yeast cells are fully explained by the defects in aconitase (e.g., glutamate auxotrophy, mtDNA loss, respiratory defect) and homoaconitase (lysine auxotrophy). The yeast Isa proteins therefore perform a specific role in the maturation of aconitase-like Fe/S proteins. This is in marked contrast to the role of the Isu proteins which are responsible for maturation of virtually all cellular Fe/S proteins. Further clarification of the molecular role of the Isa proteins in Fe/S cluster assembly will require faithful in vitro approaches for reconstitution of aconitase.
The role of mitochondria in the maturation of extra-mitochondrial Fe/S proteins
The importance of mitochondria in Fe/S protein assembly was recognised early on in the molecular dissection of this process [41] . Virtually the entire ISC assembly system is required for maturation of extra-mitochondrial Fe/S proteins such as Leu1, Rli1, sulfite reductase, Nbp35, Nar1, and Ntg2 (Fig. 3) . In two cases, for Nfs1 and for the Isu proteins, experimental evidence has been provided that these ISC proteins need to be located inside yeast mitochondria to be functional in extra-mitochondrial Fe/S protein assembly [41, 54, 73] . The exclusive presence of a cytosolic/nuclear form of Nfs1 or Isu1 did not lead to any Fe/S cluster incorporation into cytosolic/nuclear Fe/S proteins. This suggests that both Nfs1 and Isu1/Isu2 have to be located inside yeast mitochondria to be useful in extra-mitochondrial Fe/S protein maturation.
It is still unknown what mitochondria provide for cytosolic/ nuclear Fe/S protein assembly. The current consensus is that the mitochondrial ISC assembly machinery produces a substrate that is exported from mitochondria to serve in Fe/S cluster formation and incorporation in the cytosol. Components involved in this step are summarised as ISC export machinery [88] . A central component is the mitochondrial ABC transporter Atm1 which is involved in mitochondria to cytosol trafficking ( Fig. 3; [41] ). The protein is located in the inner membrane with its ABC domains facing the matrix. Deletion of Atm1 is associated with severe effects including a drastic growth defect of yeast cells, loss of cytochromes and respiration and an accumulation of iron in mitochondria. Gradual depletion of Atm1 in a regulated yeast mutant revealed primary functions of Atm1 in Fe/S protein maturation in the cytosol and nucleus, and in iron accumulation in mitochondria (see below). In an attempt to biochemically characterise Atm1, the membrane protein was purified and reconstituted into proteoliposomes [89] . Its ATPase activity is specifically stimulated by compounds containing free sulfhydryl (-SH) groups, in particular by peptides with multiple cysteine residues. It is thus conceivable that the substrate of Atm1 contains free thiol groups, possibly in a peptidic environment.
Conspicuously, the two other components of the ISC export machinery, Erv1 and the tripeptide glutathione (GSH), deal with sulfhydryl chemistry (Fig. 3) . Erv1 is a component of the intermembrane space and has an in vitro activity as a sulfhydryl oxidase catalysing the reaction
The electron acceptor in vivo is not known yet. Depletion of the protein has virtually the same phenotype as Atm1 defects suggesting its involvement in cytosolic/nuclear Fe/S protein maturation and in mitochondrial iron homeostasis [91] . In addition, the protein performs a crucial role in the import of preproteins into the intermembrane space [92] . The protein forms mixed disulfides with Mia40, a protein involved in the import small TIM proteins into the intermembrane space and their oxidative folding. Thus, Erv1 appears to function as an enzyme required for the oxidation of sulfhydryl groups in the mitochondrial intermembrane space. It will be crucial, yet challenging to identify the specific substrate of Atm1 and Erv1 responsible for Fe/S protein maturation in the cytosol/nucleus.
Glutathione is known to be the most important redox regulator of yeast cells. In addition, a specific requirement of this reagent in cytosolic Fe/S protein assembly was shown by depleting this tripeptide while the redox level was maintained by the addition of dithiothreitol [93] . As noted in the case of defects in Atm1 or Erv1, GSH-depleted cells were hampered in cytosolic and nuclear, but not in mitochondrial Fe/S protein biogenesis. Further insights into the molecular mechanisms underlying the function of these three components of the ISC export machinery will depend on the identification of the substrate exported by Atm1.
The cytosolic Fe/S protein assembly (CIA) machinery
The past 3 years have seen the identification of four components of the CIA machinery involved in cytosolic/nuclear Fe/S protein maturation (Fig. 3) . The first cytosolic component for which such a function has been described is the P-loop NTPase Cfd1 [44] . A sophisticated genetic screen aimed at the reconstitution of Fe/S cluster assembly on the human IRP1 in yeast cells lacking mitochondrial aconitase identified Cfd1 as a prime candidate for Fe/S protein maturation. Mutations in Cfd1 are associated with defects in virtually all cytosolic and nuclear, but not mitochondrial Fe/S proteins ( [44] ; D.J.A. Netz, unpublished). The protein possesses, in addition to its ATP/GTPase domain, a stretch of four conserved cysteine residues. Two of those were found important for function and cell viability, but, presently it is unclear what role these residues might play in biogenesis.
Another P-loop NTPase protein of the CIA machinery is Nbp35 which shows sequence similarity to Cfd1 in the central and C-terminal parts [94] . In addition, Nbp35 contains a stretch of ∼50 residues at its N-terminus which co-ordinates an Fe/S cluster via four conserved cysteine residues (Fig. 3) . Removal of the N-terminus of Nbp35 or mutation of the cysteine residues impaired the ability of the protein to bind an Fe/S cluster and destroyed its function suggesting an important role of the N-terminal Fe/S cluster [94] ; D.J.A. Netz, unpublished). The protein forms a stoichiometric complex with Cfd1 and therefore a hetero-oligomeric form of Cfd1 and Nbp35 may be the functional form that plays an essential role in Fe/S protein assembly (Fig. 3) . Interestingly, assembly of the Fe/S clusters on Nbp35 and Nar1 (see below) depend on the mitochondrial ISC assembly and export systems. This observation and the fact that these CIA proteins are required for their own maturation emphasise that the process is indispensable for cells. It should be noted that bacteria contain a similar P-loop protein termed ApbC which appears to perform a role in Fe/S protein maturation [95] . Likewise, a plant-specific protein (Hcf101) was proposed to be involved in Fe/S cluster incorporation into photosystem I [96] . These proteins, however, differ in the number and location of conserved cysteine residues in the C-terminal part of the protein. Nevertheless, it is possible that this class of P-loop NTPases plays a general role in Fe/S protein assembly.
The CIA protein Nar1 exhibits some similarity to iron-only hydrogenases of bacteria and algae, even though the protein does not function as a hydrogenase [10, 11, 97] . Similarly to true hydrogenases, Nar1 is an Fe/S protein with two electronically and magnetically interacting Fe/S clusters ( Fig. 3; [98] ). However, it is evident from EPR spectra of isolated Nar1 that the Fe/S clusters of Nar1 differ characteristically from those defined in the 3D structures of iron-only hydrogenases. The clusters are likely co-ordinated by eight conserved cysteine residues, four of which are (Fig. 2) is required for maturation of cytosolic and nuclear Fe/S proteins. The hypothetical model proposes that the ISC assembly machinery generates a compound (designated by ?) that is exported to the cytosol by the ISC export machinery comprised of the inner membrane ABC transporter Atm1, the sulfhydryl oxidase Erv1 of the intermembrane space and the tripeptide glutathione (GSH). The maturation of Fe/S proteins further requires the P-loop NTPases Cfd1 and Nbp35, the iron-only hydrogenase-like protein Nar1 and the seven-bladed WD40 repeat protein Cia1. Note that the CIA proteins Nbp35 and Nar1 are Fe/S proteins themselves. Whether ATP or GTP is used by the P-loop NTPases remains to be resolved. The indicated protein interactions have been established in vivo. The two ISC systems are also responsible for regulation of the yeast iron uptake system via the Aft1/2 transcription factors. In the absence of functional ISC systems, Aft1/2 translocate into the nucleus and activate genes of the iron regulon encoding proteins involved in iron uptake and utilisation. The precise molecular role of the mitochondrial ISC machineries in both cytosolic/ nuclear Fe/S protein maturation and in iron regulation mediated by Aft1/2 is thought to be understood. Small amounts of Nfs1 in the nucleus are not yet involved in thio-uridine modification of some cytosolic tRNAs (tRNA S ).
concentrated at the N-terminus and the remainder of which are scattered in the middle and C-terminal parts. Assembly of the Fe/S clusters of Nar1 requires the mitochondrial ISC assembly and export systems, and additionally Cfd1 and Nbp35 [94] . Apparently, a pre-existing functional CIA machinery is necessary for the assembly of newly assembled components of this system. This chicken and egg situation is reminiscent of the assembly of Yah1 in the mitochondrial matrix and of the TOM complex in mitochondrial outer membrane which depend on pre-existing components for their own de novo assembly.
The most recently discovered CIA member termed Cia1 was originally identified on the basis of a fusion gene with CFD1 in Schizosaccharomyces pombe making it likely that the fused proteins perform a function in the same process [99] . Depletion of yeast Cia1 elicits a somewhat different phenotype as compared to defects in Cfd1, Nbp35 and Nar1. While Cia1 deficiency is accompanied by an impairment in the assembly of true Fe/S target proteins such as Leu1, Rli1 and Ntg2, Cia1 is not required for the Fe/S cluster-containing CIA components Nar1 and Nbp35. On the first glimpse, this result is counterintuitive, as also Nar1 and Nbp35 should initially behave as Fe/S targets before conversion into functional proteins. However, a closer inspection shows that the situation may be reminiscent of the observations made for depletion of the matrix chaperone system Ssq1/Jac1/Mge1 or of Grx5 with respect to Fe/S cluster accumulation on either the Isu1 scaffold protein or on target proteins (see above). Consequently, one might expect a role of Cia1 late in biogenesis, i.e., after the function of Nbp35 and Nar1. A further possibility arising from these observations is that Nbp35 and/or Nar1 might serve as scaffold proteins binding an Fe/S cluster in a transient fashion. This hypothesis can now be tested following the lead of the studies with Isu1 [58] .
Cia1 is homologous to human Ciao1 which was proposed to play a role in transcription regulation of the Wilms tumour suppressor protein, a protein not present in yeast. This suggests that the proteins may perform functions in both Fe/S protein biogenesis and transcription regulation. This expectation is further supported by the sub-cellular localisation of Cia1 that differs from that of the other three CIA proteins [99] . Cia1 is mainly located in the nucleus with minor amounts in the cytosol, while the other three CIA proteins show the opposite sub-cellular partitioning. In addition, the cellular concentration of Cia1 is larger than that of the other CIA proteins. Therefore, a role of Cia1 in transcription similar to human Ciao1 is not excluded. Cia1 is well conserved in eukaryotes and belongs to a large protein family characterised by the WD40 repeat domains [100] . Even though more than 50 WD40 repeat proteins with close similarity to Cia1 are present in yeast, the protein is unique and can be discriminated from other members with distinct functions.
At the moment, we can only speculate about the molecular mechanism underlying Fe/S protein assembly in the cytosol and nucleus of yeast. Future functional insights can make use of several distinct protein interactions between the CIA components that have been defined by in vivo and in vitro experiments ( Fig. 3; [99] ). As mentioned above, Cfd1 and Nbp35 form a tight complex, while Nbp35 interacts with Nar1. The latter protein serves as a specific docking partner of Cia1. The predicted doughnut shape of Cia1 typical for WD40 proteins may be ideally suited to serve as a platform for the binding of other proteins during the assembly pathway of Fe/S proteins. Surprisingly, no direct contact has been reported yet for Cfd1 and Cia1, despite the existence of the above mentioned fusion gene in S. pombe. Nevertheless, this genetic situation strongly suggests a functional co-operation of the two proteins in the CIA machinery-supported pathway. It is tempting to predict that future research will see the identification of new components of this apparently complex machinery. This will facilitate the elucidation of the molecular mechanisms leading to the maturation of cytosolic/nuclear Fe/S proteins.
Fe/S protein assembly in higher eukaryotes
The ISC assembly, ISC export and CIA machineries are highly conserved in eukaryotes from yeast to man [22, 23] . Thus, one might expect similar pathways and mechanisms of Fe/S protein assembly in lower and higher eukaryotes. To date only a few studies exist to put this expectation to the test. The thorough investigation of mammalian Fe/S protein assembly is an important topic for several reasons. First, pilot experiments have to examine the degree of similarity or divergence in the yeast and mammalian Fe/S protein maturation mechanisms. Second, components such as Atm1 are duplicated in mammals (ABCB6 and ABCB7; [101] ) posing the question of which particular function the individual proteins may perform. Third, diseases are associated with mutations in frataxin (Friedreich's ataxia) and ABCB7 (X-linked sideroblastic anemia and ataxia, XLSA/A). Detailed information on molecular issues of these disorders can be found in other comprehensive reviews (see, e.g., [102] [103] [104] [105] ). Fourth and finally, the close connection of Fe/S protein assembly and (intra-)cellular iron homeostasis in yeast (see below) raises the question of whether such links exist in mammals. It has become clear over the past decade that the iron metabolism in yeast and mammals is governed by radically different mechanisms.
The first functional in vivo study on a specific component of Fe/S protein biogenesis in the human system has been performed on frataxin. Depletion of this protein by the RNAi technology resulted in a growth defect of HeLa cells and a specific depletion of the activities of both mitochondrial and cytosolic Fe/S proteins [50] . Hence, this study confirmed findings made in yeast for Yfh1, the yeast frataxin homologue, suggesting a function of the human protein in the biogenesis of Fe/S proteins. Since the defects in Fe/S proteins accompany the depletion of frataxin, the Fe/S protein deficiencies previously observed in Friedreich's ataxia patients appear to be specific rather than secondary effects, e.g., by damage of Fe/S proteins [106] . Conspicuously, the frataxin-depleted HeLa cells were not compromised in heme biosynthesis catalysed by ferrochelatase suggesting that frataxin depletion in these cells was not severe enough to affect this Fe/S cluster-dependent enzyme. A similar effect was seen in cultured cells from Friedreich's ataxia patients [70] . Other alterations of heme metabolites (conversion of heme b to heme a, downregulation of the heme synthesis pathway) may be explained by a defect in the Fe/S cluster-containing adrenodoxin, a homologue of Yah1 required for heme a synthesis [107] , and by IRP1 function regulating ALAS2 expression (see above). In fact, cytosolic IRP1 was not efficiently converted into aconitase in frataxin-depleted cell culture suggesting that frataxin plays a crucial role in Fe/S protein assembly in the cytosol [50] . An earlier study had provided initial, yet indirect evidence for the participation of energised mitochondria in the conversion of IRP1 to cytosolic aconitase [49] . Recent RNAi-mediated depletion studies in Drosophila have provided strong in vivo evidence for a role of frataxin in Fe/S protein biogenesis [108] , while its knockdown in nematodes resulted in a pleiotropic phenotype with the possibility of secondary effects [109] . Interestingly, an extra-mitochondrial localisation of frataxin in overexpressing cells has been reported recently that is important for cell survival and prevention of mitochondrial damage [110, 111] . The precise function of the cytosolic form of frataxin remains to be determined.
The cysteine desulfurase Nfs1 in human cells is located predominantly in mitochondria, while minor amounts are present in the cytosol and nucleus [112] . The protein shows activity as a cysteine desulfurase, and, together with human Isu1, can assemble IRP1 holoprotein in vitro [113] . The differential targeting of human Nfs1 results from alternative translation initiation [23] . The subcellular distribution of human Nfs1 is reminiscent to that of yeast Nfs1 where both the mitochondrial and nuclear versions are essential for cell viability [114] . Cell biological studies using RNAi technology to deplete human Nfs1 have now shown that the mitochondrial version is indispensable for Fe/S protein maturation both inside and outside mitochondria [115] . The human protein could be replaced effectively by its mouse homologue, demonstrating the specificity of the RNAi approach. Removal of the mitochondrial targeting sequence from the murine Nfs1 resulted in its cytosolic/nuclear localisation. This form does not complement the defects in cell growth and mitochondrial/ cytosolic Fe/S protein activities of human Nfs1-depleted cells.
Hence, the results demonstrate the importance of human mitochondrial Nfs1 for biogenesis of both mitochondrial and cytosolic Fe/S proteins, and do not identify an independent role of the cytosolic/nuclear version of this protein. The situation therefore is strikingly similar to yeast [54] . One should mention, however, that these data do not exclude a participation of extramitochondrial Nfs1 in Fe/S protein maturation, but this function would be in addition to mitochondrial Nfs1.
Genetic studies in yeast had suggested an essential task of Nfs1 outside mitochondria [114] . What might be the function of Nfs1 in the cytosol/nucleus? Pioneering studies on IscS, the bacterial homolog of Nfs1, have shown its requirement as a sulfur donor for thiouridine modification of tRNAs [116] . The same function has recently been shown for yeast mitochondrial and cytosolic/nuclear Nfs1 ( [54, 117] ; Figs. 2 and 3) . Thus, thiouridine modification of tRNAs in the nucleus seems to be a second indispensable function of yeast Nfs1. It is likely, but has not been experimentally confirmed yet, that the nuclear fraction of Nfs1 is responsible for thiouridine modification. It seems possible that the human protein may play a similar role in the nucleus/cytosol as its yeast counterpart.
Small amounts of human Isu1 and Nfu1 have been found outside mitochondria, while the majority is located inside these organelles [118, 119] . Isu1 in human cells is targeted to the cytosol by alternative splicing of a single mRNA. Simultaneous depletion of both forms of human Isu1 by RNAi results in a strong defect in both mitochondrial and cytosolic aconitase activities documenting the importance of human Isu1 proteins for cellular Fe/S protein biogenesis [51] . In addition, both aconitases could not be reactivated following treatment with H 2 O 2 or an iron chelator which results in damage or loss of the Fe/S cluster on aconitases. This shows that regeneration of cellular Fe/S proteins after cluster loss requires functional Isu1. Selective depletion of either mitochondrial or cytosolic Isu1 isoforms by RNAi was inefficient and did not significantly impact on the function of cellular Fe/S proteins precluding conclusions on the role of the individual Isu1 isoforms under normal growth conditions. In cells containing diminished levels of cytosolic Isu1 the activities of both aconitases fully recovered over time after treatment with H 2 O 2 or iron chelator. The slightly slower reactivation of cytosolic compared to mitochondrial aconitase was proposed to indicate a function of cytosolic Isu1 in the regeneration of that Fe/S protein. Reduction of the mitochondrial Isu1 level by RNAi led to impaired recovery of both mitochondrial and cytosolic aconitases after iron chelator treatment demonstrating that this isoform is important for Fe/S protein regeneration in both compartments. Taken together, these data indicate that human Isu1 performs a crucial task in cellular Fe/S protein biogenesis. While mitochondrial Isu1 plays the major role in Fe/S cluster biogenesis in human cells, cytosolic Isu1 may enhance regeneration/repair of cytosolic Fe/S proteins during recovery from iron depletion or oxygen stress. It will be interesting to learn more about this repair process, as nothing is known so far, neither in yeast nor in human cells.
An extensive in vivo study has been performed on murine ABCB7, the homologue of yeast Atm1 [120] . Ablation of the Xchromosome-linked ABCB7 gene is embryonic lethal indicating the important function of this protein in mammals. Liver is the only tissue in which a viable gene knockout was obtained by conditional gene inactivation. Biochemical analyses of ABCB7-depleted liver tissue showed diminished activities of cytosolic Fe/S proteins including IRP1, yet the function of mitochondrial Fe/S proteins was unaltered. This phenotype is strikingly similar to the observations made for yeast Atm1 (see above), and convincingly show that mitochondria play a crucial role in cytosolic Fe/S protein biogenesis in mice. Together with the above mentioned studies on zebrafish Grx5 and Mrs3 [63, 84] the available body of data suggests that there is a high degree of similarity in the mechanisms of Fe/S protein biogenesis in yeast and in higher eukaryotes. What appears to be strikingly different from yeast in higher eukaryotes is the functional connection of Fe/S protein biogenesis to iron uptake regulation and heme synthesis. This is certainly, but likely not exclusively due to the presence of the cytosolic Fe/S protein IRP1 in higher eukaryotes but not in yeast. Maturation of IRP1 strongly depends on mitochondrial ISC assembly and export components [51, 63, 115, 120] . Since the presence or absence of an Fe/S cluster on IRP1 is crucial for the regulation of the synthesis of key components of iron homeostasis and also of heme metabolism in erythroid cells (see article by Wallander et al. [139] in this issue), these two processes respond to the activity of mitochondria in Fe/S protein biogenesis. While the critical role of mitochondria in cellular iron homeostasis seems to be conserved, the mode of regulation of iron homeostasis appears to be entirely different in higher and lower eukaryotes.
The intimate link between Fe/S protein biogenesis and iron homeostasis
Depletion of virtually any component of the yeast ISC assembly and export systems not only results in Fe/S protein defects, but also has severe consequences for (intra-)cellular iron homeostasis [15] . For instance, depletion of Nfs1, Isu1/2 or Atm1 results in a mitochondrial iron overload [39] [40] [41] . At the same time yeast cells respond with an increased iron uptake into the cell which on first sight seems somewhat counterintuitive because also the total cell iron is increased. Initially, it was believed that a satisfactory explanation was the depletion of cytosolic iron as a result of the more efficient transport into mitochondria, thereby resulting in an activation of the iron-regulated transcription factors Aft1/Aft2 (Fig. 3) . However, clever experiments using the iron-dependent enzyme Erg25 of the ergosterol biosynthesis pathway as an indicator for cytosolic iron levels argued against major changes of the cytosolic iron concentration [121] . It was shown in this and later studies that Aft1/Aft2 do not sense cytosolic iron but rather the iron availability inside mitochondria via a product generated by the mitochondrial ISC assembly machinery and exported by Atm1 ( Fig. 3; [122] ). Thus, the ISC assembly and export components are responsible for the signalling of the iron status to Aft1/Aft2. Whether the compound exported by Atm1 is identical, similar or entirely different from the substance exported from mitochondria to facilitate Fe/S protein assembly is unknown. At any rate, the export reaction leads to an inactivation of Aft1/Aft2 transcription factors in the cytosol, while conversely the CIA system is converted to a functional biogenesis system (Fig. 3) . It is clear from these and other studies that mitochondria, as the major "consumers" of intracellular iron, are critical regulators of iron homeostasis in yeast. Surprisingly, changes in the activity of the CIA machinery have no striking effects on iron uptake and storage in yeast cells. Depletion of these proteins neither leads to mitochondrial iron accumulation nor to an increased transcription of iron uptake genes by activation of Aft1/Aft2. Therefore, iron regulation in yeast is unlikely to be mediated by a canonical cytosolic Fe/S protein which is matured with the help of the CIA proteins distinguishing this regulatory step from the function of IRP1 in mammals. Rather, the molecule exported by Atm1 directly or indirectly leads to the regulation of the Aft1/Aft2 transcriptional activity. It is likely that, in addition to Aft1/Aft2, further proteins are involved in this regulatory path.
Fe/S protein biogenesis is essential. Why?
The process of Fe/S proteins biogenesis in mitochondria has been discovered after some 50 years of intense research on these organelles. One might ask how central this mitochondrial function is for life. More than half of the components of the ISC assembly, ISC export and CIA machineries are encoded by essential genes in yeast [22] . The only other group of proteins fitting this criterion are the constituents of the mitochondrial biogenesis apparatus, i.e. the TOM and TIM proteins supporting preprotein import, mitochondrial chaperones required for proper protein import and folding, the presequence peptidase and some other import-associated factors. Thus, together with the synthesis of heme (see article by Ajioka et al. [138] in this issue), the pathway of Fe/S protein biogenesis seems to be a key task of mitochondria in yeast and higher eukaryotes, and organisms cannot survive without it. In contrast, respiration is dispensable when yeast cells are grown in the presence of fermentable carbon sources such as glucose. Even human cells in culture can survive the loss of respiration when fed with high amounts of glucose [123] .
These considerations raise the immediate question of which process makes Fe/S protein biogenesis in eukaryotes so central to life [124] . The issue comes down to the question of which cellular Fe/S proteins play an indispensable role for cell viability and what is their function. To date, four genes are known in yeast that code for essential Fe/S proteins, namely Yah1, Nbp35, Nar1 and Rli1. As detailed above, the first three components are central components of Fe/S protein biogenesis (Table 1) , and therefore the 'chicken and egg' situation does not provide a reasonable explanation for essentiality of the process. This leaves us with Rli1. The protein contains a bipartite, ferredoxin-like motif at its N-terminus which associates with Fe/S clusters ( Fig. 4; [125] ). At the C-terminus there are two typical ABC domains, giving Rli1 its alternative name ABCE1 [126] . A 3D crystal structure has been obtained for archaeal versions of Rli1 lacking the Fe/S cluster motif [127] . Mutation of critical cysteine residues of the Fe/S cluster motif to alanine resulted in the loss of cell viability showing the essential character of these Fe/S clusters [125] . As found for other cytosolic/nuclear Fe/S proteins, maturation of Rli1 was dependent on the mitochondrial ISC assembly and export machineries, as well as on all four known CIA components providing a logical explanation why Yah1, Nbp35, and Nar1 are essential.
The function of Rli1 has remained enigmatic for a long time, but recent studies have provided first clues as to what processes Rli1 might support. Initial studies had suggested roles of human Rli1 in virus-infected cells, yet these functions do not comprise the normal cellular function, as Rli1 is encoded in all Eukarya and Archaea [128, 129] . Depletion of Rli1 in yeast resulted in defects in translation initiation and an accumulation of ribosomal subunits in the nucleus [125, 130, 131] . This nuclear export defect of ribosomal subunits is generally seen in all mutants with defects in components of the CIA machinery. Concomitantly, defects in the processing of rRNA were observed. Collectively, these data suggest roles of Rli1 in protein translation initiation and in the maturation of ribosomal subunits in the nucleus. Only a minor fraction of Rli1 is present in the nucleus, but the protein can be accumulated in this compartment using nuclear protein export mutants suggesting that the protein is shuttling between cytosol and nucleus. The consensus behind these findings appears to be a function of Rli1 centered around protein synthesis on cytosolic 80S ribosomes. Consistent with these ideas, Rli1-depleted cells exhibit a protein translation defect, yet this develops after the occurrence of the nuclear ribosome export failure. Nevertheless, it seems unlikely that the translational defect upon Rli1 depletion is only a secondary consequence of the nuclear ribosome export defect, as Rli1 was found to directly interact with major translation initiation factors in both yeast [130] and human cells [126] . These specific complex formations suggest a specific functional role of Rli1 in protein translation initiation. Collectively, Rli1 might perform multiple roles in both normal and virusinfected cells. As a consensus model the protein may function in the assembly of RNA-protein complexes such as ribosomal particles, translation initiation complexes, and virus particles. Archaeal Rli1 proteins may prove useful to decipher the basic function(s) of this interesting protein.
In summary, the functional studies on Rli1 have pointed to crucial link between two central and ancient processes in cells, Fe/S protein biogenesis and protein synthesis. The biogenesis of Fe/S proteins might have been a critical evolutionary step arising from the catalytic phase of the "iron-sulfur" world proposed by Wächtershäuser [132] . Protein synthesis facilitated by ribosomes is central for the development of a living cell.
These contemplations provide logical explanation why mitochondria (and Rli1) cannot be lost in Eukarya, not even in cases where respiration is dispensable. Such a situation is prevalent in parasitic pathogens which live (mostly) inside their host and feed on the host cytosol. Due to the ample availability of metabolites and energy inside the host cell, many of these parasitic organisms have lost most of their mitochondrial functions such as heme biosynthesis, citric acid cycle, and most prominently respiration. While these organisms are commonly known as "amitochondriates" because they lack classical mitochondria with cristae membranes, some of them recently were shown to contain mitochondrial remnant organelles (for recent reviews on these organisms and organelles see [42, 133, 134] . The most well-known forms of these rudimentary organelles are the hydrogenosomes and mitosomes. It is noteworthy in the context of this review that both types of organelles were shown to harbour basic components of the ISC assembly machinery (Isu1 and Nfs1) and an Hsp70, and thus may be capable of producing Fe/S clusters [135, 136] . In line with the discussion on Rli1 (see above), the essentiality of this biosynthetic pathway may be the reason why the remnant organelles have not been lost in these organisms. A closer inspection of the genomes of several amitochondriates indeed reveals that they contain sequence relatives of the ISC assembly and CIA machineries, and of Rli1. Interestingly, counterparts of the ISC export machinery are lacking, raising the interesting question whether hydrogenosomes and mitosomes may also play a role in extra-organellar Fe/S protein biogenesis as expected from the presence of Rli1.
Conclusions and perspectives
The past 8 years have seen the identification of 21 components with a direct function in the assembly of Fe/S proteins in yeast as a paradigm for a eukaryotic cell. While initially the identification of mitochondrial ISC components and their functional characterisation has largely been influenced from findings made in the related ISC system of bacteria, work on the Atm1-linked export reaction and the identification and characterisation of novel components of the CIA machinery is unique for eukaryotes. Despite the considerable progress that has been made in our understanding of cellular Fe/S protein biogenesis, many challenges lie ahead including the elucidation of the molecular mechanisms underlying Fe/S cluster assembly and incorporation into apoproteins in mitochondria, the definition of the exact function of the ISC components, the (bio)chemical mechanism of Fe/S cluster synthesis on the Isu scaffold proteins, the identification of the nature of the compound(s) exported by Atm1, the mechanism of the export reaction, the analysis of the source of iron and sulfur for cytosolic/ nuclear Fe/S protein assembly, the definition of potential scaffold proteins in the cytosol/nucleus, the molecular mechanism of Fe/S protein assembly in the cytosol/nucleus, and finally the intriguing connection of this process to iron homeostasis. While we hope this review has left the impression that basic components and concepts of Fe/S protein maturation in eukaryotes have been identified, we foresee many exciting years of discovery and surprise for researchers involved in this field. Certainly, the elucidation of the molecular foundations of Fe/S protein biogenesis has moved into a more mature stage.
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